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SUMMARY 


A piloted 8. tuml at Ion study assessed varloun levels oi at ah I I I tv .mH con- 
trol augmentation destined to Improve the flying qualities in terrain I I I >*tit 
of several hel Icoptern. Four basic single-rotor helicopters, one tool it I nr,, 
one* articulated, and two hingeless, which were found to have a variety o! 
major deficiencies :ln a previous fixed-based simulator study, wore selected as 
baseline configurations. The stability and control augmentation systems 
(SCAS) include simple control augmentation systems (CAS) to decouple pitch and 
yaw responses due to collective input and to quicken the pitch and roll con- 
trol responses; SCAS of rate-command type designed to optimize the sensitivity 
and damping and to decouple the pitch-roll due to aircraft angular rate; end 
attitude- command type SCAS. Pilot ratings and commentary are presented as 
well as performance data related to the task. SCAS control, usages and their 
gain levels associated with specific rotor types are also discussed. 


INTRODUCTION 


A *-esearch program in progress at Ames Research Center seeks U> p i.ov idr. a 
data base for helicopter flying qualities and control system design criteria. 
In a previously reported part of the program (ref. 1), the effects of large 
variations of important rotor system design parameters on flying qualities and 
agility in terrain-following flight were investigated. The design p/iraim 1 - • rs 
that were varied were flapping-hinge offset, flapping-hinge restraint , blade 
Lock number, and pitch-flap coupling. Over 40 helicopter configurations were 
investigated, of which few were found to have satisfactory handling qualities 
for the terrain-following task. 

To extend the data base, further experiments have been conducted to sys- 
tematically investigate the use of stability and control augmentation systems 
(SCAS) of several levels of sophistication to improve terrain- flying charac- 
teristics for the configurations with deficiencies identified in reference 1. 
Four helicopters were selected from the previous study as configurations that 
exemplified the deficiencies in flying qualities of their types and which lend 
themselves to evaluation of the SCAS concepts of interest. The hell copier 
configurations consisted of one teetering rotor with a high blade inert la; an 
ait Initiated rotor; and two hingeless rotors with different effective hinge 
offset and Lock number. Specific deficiencies associated with each rotor ivpo 
were (!) low control sensitivity and damping and excessive yaw due to 
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collective Input for the hinge less rotor with i ° r ui ? oxcossive pitch due to 
hinge offset; and (4) low pitch L r!n with low blade inertia and large 

with high blade inertia and moderate hinge'^l'fflor^StabiHt hJn J PlpRH rotor 
augmentation systems having several levels o Mh tV °" d c t ontro1 

for those four basic configurations for piloted ev^uJuon ? **** ^ 

group, called docLpUng 1 "^ J" 0 maln groups. The first 

specific deficiencies associated wi th the four S ? AS ’ J enlt dlroctl y with the 
response decoupling in pitch and vaw due \[ 3 “ r “ trc f«tt. They include centre! 
lty and control responses in pitch roll and^^^ 1 ^ 4 !?? ut * lm P r °ved stabil- 
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cedure, t^SM^Sl^ratL^fOT^llS^d' 1 ' 81 ?" °‘ >jc ’ ctlves end design pro- 
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the results of the expi^Ln ° bJeCtlva Potformnnce data acquired? anf 
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inadequate damping and sensitivity in Ditch * a deficiencies ranged from 
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Decoupling Pitch and Yaw Responses Due to Collective Input 

flapping hinge produces ^coupling"^ Jitch^, hl ° 8e off8ct °r a stiffened 
that can reach undesirable levels? Fo^e^n? n ^ due to c °Hfctlve Input 
collective input for a hinge! ess rotor g u ^ f* D^ tc hing moment due to 
indicated to increase wit^a irspeed T 18 sho ^ table 2 and is 

Peed. This pitching moment was eliminated by 
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cross- feeding the collective input to the longitudinal cyclic. The control 
croRR-feed gain, , ‘' 0 / << >0p» required to decouple the pitching moment, in ahown in 

figure 1, A atrnight line approximation for Rcheduling thin croRR-feed gain 
with the airspeed wan found to be adequate. Similar (schedules were used for 
other study aircraft. 

The yawing moment due to collective input existed in all the study holt- 
copters (see tables 2-4). The magnitude of the coupling moment is shown in 
table 2 as an example of the hlngoluss rotor helicopter, HI. The control 
cross-feed from the collective input to the, directional control required to 
decouple the yawing moment for this aircraft is depicted in figure 1. The 
croHs-feed gain, & p / '** o p » in n nonlinear function of airspeed, the shape of 

which is similar to the familiar required power curve. This cross-feed control 
law and the control cross-feed from the collective Input to the longitudinal 
cyclic described earlier were designed to decouple only the initial angular 
accelerations in yaw and pitch due to collective Input. To achieve a perfect 
decoupling In the pitch and yaw responses due to collective input requires 
feedback of aircraft state variables as well aw the control cross-feed. It 
was found, however, that using only the cross-feed control laws described 
above virtually eliminated the undesirable coupled responses. 

A comparison of the angular rate responses of the augmented and unaug- 
mented aircraft to a step-collective input at 60 knots is shown in figure 1(b). 
The strong pitch and yaw couplings for the basic hirigeless rotor helicopter 
have been substantially reduced by the cross-feed control laws in figure 1(a). 
Note that the SCAS control laws included an augmentation in yaw damping in 
addition to the pitch and yaw decoupling functions. This was provided by 
feeding back yaw rate to the directional control, 6 C „ This function will be 
further discussed later in the paper. 


Decoupling Pitch and Roll Due to Aircraft Angular Rate 

The articulated rotor helicopter selected for this study had excessive 
pitch- roll coupling due to aircraft angular rate (see table 1). Table 3 shows 
these coupling derivatives, Lq and Mp, along with other derivatives of inter- 
est as functions of airspeed tor the basic articulated rotor helicopter. The 
control law used to achieve a pitch- roll decoupling (i.e., L a >= M D ■= 0) was to 
feed the pitch rate to lateral cyclic and roll rate to longitudinal cyclic 
control. The feedback gains, <5 a /q and <$ e /p, arc shown in figure 2. Since 
these gains vary little with airspeed, constant gains based on the nominal 
airspeed of 60 knots were used in the simulation experiment* 


Augmentations to Improve Control Responses in Pitch and Roll Axes 

The sensitivity and damping in pitch and roll axes were augmented for 
both the teetering rotor helicopter and the articulated rotor helicopters. 

*e sensitivity and damping for the two agumented aircraft are shown in 
table 5. For the articulated rotor, the objective was to achieve the levels 
ot sensitivity and damping in pitch and roll equivalent to those of the 
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hingclesH rotor helicoptor, For t ho teetering rotor helicopter, the augmented 
sensitivity and damping were set lower than for the articulated rotor to limit 
the feedforward and feedback gaina aomewhat, A comparison of the gain levels 
at 60 knots for the two aircraft to achieve their respective design goals is 
also shown in table 5, Note that the gain levels are moderate for the articu- 
lnted rotor, but are rather high for the teetering rotor, especially in pitch 
axis. The variation of these gains with the airspeed is shown in figure 3 for 
the teetering rotor helicoptor and in figure 4 for the articulated rotor heli- 
copter. Since they do not change significantly with airspeed, a set of fixed 
gains based on the nominal airspeed of 60 knots was used in the simulation 
experiment. A comparison of the response of the augmented and the unaugmented 
articulated rotor helicopter at 60 knots to a stop input in the longitudinal 
stick is shown in figure 4. Note that the strong roll coupling of the basic 
aircraft has been drastically reduced by the augmentation system. Also, the 
poor pitch response of the basic aircraft has been significantly improved by 
the rate command type SCAS. 


An alternative series of augmentation systems was designed for the teeter- 
ing rotor helicopter to improve control responses in pitch and roll through 
use of control quickening. The design was performed using the roll axis as an 
example by employing a control law of the form (see fig. 6) 


Sa(,) ’ [ k 5 + r+r^]% (8 > a) 

which is a proportional plus a high-pass (or "washout'*) filter. For short- 
term response, assume that the roll rate to lateral control can be represented 
by the roll mode alone, that is. 
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Augmentation to Improve Control Responses In Yuw and Vertical Axes 
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stabilisation; the decoupling control law for the pitch and roll due to air- 
craft ongulnr rate as discussed earlier in the paper was not employed in these 
attitude-command systems, 

The eigenvalues of the. linearized aircraft dynamics of basic articulated 
rotor helicopter and the augmented aircraft with the A15 attitude-command 
system are shown in table 9. For comparison purposes, tho eigenvalues are 
also shown for the simpler system employing decoupling and rate command. Note 
that the unstable phugoid mode of the basic aircraft has been stabilized by 
both augmentation systems, Table 10 given a complete listing of the SCAtf con- 
figurations that were evaluated in the piloted simulation experiment . Figure f> 
shews a general block diagram of tho simulation mechanization of the augmenta- 
tion systems discussed in thin section. The forward loop integrators in pitch 
and roll axes, shown in figure 6, were included for the assessment of rate- 
command-attitude hold systems, which were not evaluated in the present study. 


SIMULATION EXPERIMENT 


Simulator and Cockpit Instruments 

The simulator used in this experiment was the Ames Flight Simulator for 
Advanced Aircraft (FSAA) (fig. 7). A detailed description of this six-degree- 
of-freedom, moving base simulator is given in reference 2. The pilot was 
provided with pedals, 'cyclic stick and collective controls, and a basic set of 
flight instruments (shown in fig. 8) including a barometric altimeter, rate- 
of-climb, attitude-director indicator, airspeed, and engine torque indicator. 
The visual scene was presented through the cab window on a color TV monitor 
with a collimating lens. The total field of view encompassed 36° vertically 
and 48° horizontally. 

The collective stick was provided with some friction but with no force 
gradient. The force-feel characteristics of the cyclic stick and pedals *»ere 
provided by an electro-hydraulic unit with adjustable breakout, static gra- 
dient, and viscous damping. The gradients and control travels are shown in 
table 11. The viscous damping level was adjusted to give a well-damped 
response to control displacements that was judged representative of production 
helicopters with which the pilots were familiar. The cyclic and pedal forces 
could be retrimmed, using a switch on the control panel, to zero for any con- 
trol position. The pilots were permitted to fly the task with the control 
force gradient removed if they desired to do so. 


Helicopter Model 

The basic mathematical model used to describe the helicopter in this 
experiment was the same nine-degree-of- freedom model (i.c., three-degree-of- 
freedora tip-path-plane dynamics and six-degree-of-freedom rigid body dynamics), 
used in the previous study (ref. 1). The specific features of the mathemati- 
cal model are that the main rotor explicitly includes the tip-path-plane 
dynamics and several major rotor system design parameters, such as 
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ration with specific comments directed to deficiencies in flying qualities, 
such as coupling, control power, or lack of coordination, and to give subjec- 
tive impressions of motion cues and performance, such as speed and altitude 
through the course, 

The post-run summaries provided a quick-look capability for assessing mean 
values and standard deviations of a limited number of variables, such as height 
through the course, normal and lateral acceleration, control positions, and 
sideslip angle, 

for subsequent analysis, time histories of 37 variables were recorded In 
the form of digital data on magnetic tape sampled at Ah-mnec intervals, These 
var iables included body attitudes, angular and linear rates and aceel erat ions , 
flight-path coordinates, pilot control positions, and SCAR actuator positions 
and rates. Those data enabled objective performance comparisons between pilots 
and cent tgurat Jens te be made on the basin of time to complete the course and 
mean altitude through the course. 


RESULTS OF THE EXPERIMENT 


Thu results of the piloted simulation experiment were summarized In pilot 
ratings and commentary us well as in performance data reluted to the expuri - 
ment task, namely, the time to complete the course and mean height above the 
ground. 

To relate the present moving base simulation on the FSAA to the previous 
fixed-base simulation on another Ames simulator, the example unaugmented heli- 
copters were first evaluated on the FSAA with and without motion. The results 
for tire four basic helicopters of Interest are shown in figure 11. The ratings 
of the two pilots who had flown both simulators, Pilots A and B, are generally 
consistent; for each of them the discrepancy in pilot ratings obtained in two 
experiments for the four basic helicopters was no more than one rating point. 

Table 12 summarizes the complete pilot rating data for the experiment 
from the three evaluation pilots. In the following paragraphs, data are 
examined to assess the effects of (1) decoupling the pitch and yaw responses 
due to collective input; (2) augmentations using rate-command type SCAS and 
attitude-command type SCAS; and (3) control quickening for teetering rotor 
helicopters. An assessment was also made of the effect of the rotor tvne on 
SCAS authorities. 


Effect of Decoupling Pitch and Yaw due to Collective Input 

As would be anticipated, the experimental results show that the control 
augmentation systems designed to decouple the pitch and yaw responses due to 
collective input improved flying qualities. Figure 12 shows an example of the 
flying quality improvement for a series of decoupling CAS for a hingeless 
rotor helicopter. It can be seen from this figure that an increase in 
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handling qualities. Only a few combinations of those paramo torn wore evaluated 
ilurlnp, thin experiment. Perhaps further improvements can ho made hv opt I mb; Ini' 
those parameters. * 

Again, the moan height abovo tho ground showed no definitive trond, hut 
tltoro wan good correlation hotwoon tho time to complete t ho course and pilot 
rating data for thin nor I oh of augmentation systems. 

It Ih interesting to oomparo directly tho mmltH of tho at t 1 1 udo-commnnd 
augmont at ton systems with those of rate-command systems. Figure 15 hI.owh a 
oomparlHon of Improvements made by tlioao two Morion of augmentation HVHtoniH 
lor I (lot A. Some major oommontH that Pilot A made for tho«o augmentation 
wy h t otnH aro alno shown In table 13. Pilots A, B, and C did not Indicate a 
cl oar-cut preference for either typo of augmentation. 


Control Qu tokening for Teetering Rotor Helicopter 

A Her lea of control augmentation systems, designed to quicken the pitch 
and roll response characteristics of the teetering rotor helicopter with high 
blade inertia, was evaluated. No significant improvements were round for this 
series ol augmentation. ' 

figure 15 shows a comparison for Pilot A of this series of control aue- 
mentation systems with rate-command and attitude-command augmentation systems 
for the teetering rotor helicopter studied. Significant improvements wore 
lound tor both the rate- and attitude-command systems in contra t to the 
control-quickening augmentation systems. 


Effect of the Rotor Type on SCAS Control Authorities 

lw maLt ] ° bjoCt f Voa of thLs 8tud y to «»»ess the control usage 

y tho stability and control augmentation systems. The SCAS control usage 

provides a basis for determining the amount of control authority to he allo- 
cated to the SCAS. It therefore has immediate effect on the safety and 
redundancy design of the SCAS. J 

nl1 . D Sc P r talnl V 8 ?° the contro1 UHago by the pilot, SCAS, and the total 

lvrod to A oh l H^Tn 1 r n> \ a rim tl 1 iroUgh tho courH ° have been recorded and ana- 
il to f extreme values as well as mean and rms values. Flg- 

H if i H for Pilots A, B, and C, respectively, the control usage for 
J. 1,11 and roU axt ' 8 for flw augmented aircraft with good handling 

qua I it xoh * 

r, ld i7 baHlH for °° mparlaon , tho eeatrol usage obtained from the 
thru basic helicopters is shown in figure 19 for Pilots A, B, and C. In 

! , L Llu ‘ dotH indj ‘’ ato the mean values of control usage, expressed In 

turns ol the percentage ol the total cockpit control displacement limits and 
the brackets indicate the extreme values. Because the control L,r -ings from 
the control stick to the swashplate aro different for the three types ^of 
helicopters (shown in tables 2-4), it may be desirable to express' tho control 
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usage in terms of swashplatc displacement. Figures 20-22 show the pitch and 
roll control usage, expressed in terms of swashplato displacement, for 
Pilots A, B, and C, respectively, for the five augmented aircraft described 
earlier. Figures 23-25 show the corresponding control usage expressed in 
terms of the rms of the swashplato displacement. 

The SCAS control usage for the hingeless rotor and articulated rotor 
helicopters was well within the total control authority for all the evaluation 
pilots. For the teetering rotor helicopter, the SCAS and the total pilot SCAS 
control usage were excessive, expecially in the pitch axis. When interpreting 
these data, it should be recognized that during the experiment the pilot con- 
trol usage was limited to the 100% value while the SCAS and the total control 
usages were deliberately unlimited to permit assessment of the total control 
requirements. 


CONCLUDING REMARKS 


The piloted simulator investigation on the moving base Flight Simulator 
for Advanced Aircraft of stability and control augmentation systems to improve 
terrain-flying agility has led to the following conclusions: 

1. Decoupling the yaw response due to collective input significantly 
improved flying qualities for terrain following 

2. Decoupling the pitch response due to collective input improved flying 
qualities for hingeless rotor helicopters 

3. Both rate-command type SCAS and attitude-command type SCAS made sub- 
stantial improvements in terrain-flying agility over otherwise unacceptable 
helicopters; no evidence was found for a clear-cut preference for either type 
of augmentation for the task flown 


4. The SCAS control usage and gain levels were moderate for hingeless 
rotor and articulated rotor helicopters, but they were excessive for teeterinn 
rotor helicopters b 


' 'f ^ ■ i/i {W** 
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H2 


experiment 

configuration 

Rotor wyntem paramo turn 

1 Major handling quality 

J - — deficiencies 

copter 


Teetering rotor he lie 

T 

hock number > * 3 
Hinge offset t { \ 
Hinge restraint K g /I g fi? o o 

Control sons it I v it y too low in 
pitch, roll; damping In pitch, 
roll too low; excessive yaw 
coupling due to collective 
input 

A ~ 

Articulated rotor hell 

copter ™ 

ijjck numner y 0 9 

Hinge offset £ B 0.05 

Hinge restraint Kg/I^ = o 

Strong pitch-roll coupling due 
to aircraft angular rate; roll 
control sensitivity too high 

HI 

Hingeless rotor helicof 
Lock number v ~ o l 

>ter 


Hinge offset 
Hinge restraint K g /I g ft 2 . 0> 03 

Lock number y « 3 

Hinge offset e * 0.10 

Hinge restraint K g /l gfi 2 - 0.03 


Control sensitivity too low 
in both pitch and roll 


i*<* &£& Vi *S'-X j ..a ;• . 


Jt»il ■. , w J- 




TABLE 2,~ STABILITY DERIVATIVES OF BASIC HINGELESS 
ROTOR HELICOPTER, HI 


Derivative 


Unit 


40 1 

60 "1 

80 j 

100 

Pitch 

1/sec 

-2.70 

-2.92 

-3.00 

-3.08 

-3.17 

1/scc 

.76 

.70 

.69 

.69 

.71 

rad/sec ? /cm a 

.33 

.34 

.34 

.35 

.37 

rad/sec 2 /cm 

.002 

.09 

.14 

.19 

1 

.24 

Roll 

1/sec 

-9.66 

-10.23 

-10.23 

-10.17 ! 

-9.78 

1/sec 

-2.79 

-2.55 

-2.48 

-2.42 

-2.37 

rad/sec 2 /cm 

1.19 

1.18 

1.18 

1.17 

1.17 

Yaw 

1/sec 

-0.60 

-1.33 

-1.20 

-1.25 

-1.33 

rad/sec 2 /cm 

.40 

.38 

.31 

.35 

.37 

rad/sec 2 /cm 

.19 

.13 

.06 

.04 

.038 


Heave 


1/sec 

-0.21 

-0.50 

-0.67 

-0.76 

ft/sec 2 /cm 

-3.70 

-3.77 

-3.96 

-4.17 


“Note: Pitch and roll control gearings from the stick to 

swashplate are 0.49 and 0.48 deg/cm, respectively. 


-V% y . 





ROC 


aec 

d/see 2 /cni a 

d/sGc 2 /cm 













TABLE 4,- STABILITY DERIVATIVES OF BASIC TEETERING ROTOR 

HELICOPTER 





TABLE 5.- COMPARISON OF GAIN LEVELS FOR RATE-COMMAND SCAS AT 60 KNOTS 





TABLE 6,- ATTITUDE SCAB FOR ARTICULATED ROTOR HELICOPTER 


Exp 

configuration 

Approximate longitudinal 
dynamics 

Approximate 

lateral-directional 

dynamics 

0 

• c, 6 b p 

rnd/soc . 

deg/ 

• 

6*5* 

'cm 

tnd/ " M dog, 

t 

fit fl. 

'cm 

All 

A13 

A15 

2.5 1 2.24 

2.0 1 2.24 

2.0 1 3.94 

2.3 1 4.53 

2.0 1 7.87 

2.0 1 7.87 


Yaw: rate-augmented, collective to yaw decoupled, 


TABLE 7.- ATTITUDE SCAS FOR TEETERING ROTOR HELICOPTER 


Exp 

configuration 

Approximate longitudinal 
dynamics 

Approximate 

lateral-directional 

dynamics 

“V C «« P 

rad/sec « 

deg/ 

» 

s. s. 
'cm 

d> 

11 C 

rad/sec , 

deg/ 

» 

8 • S • 

'cm 

H 

2.5 1 2.24 

2.5 1 1.14 

1.9 0.9 1.93 

1.9 .9 1.93 

1.9 .9 1.93 

2.5 1 4.53 
2.5 1 4.53 
1.8 1.2 4.49 
1.8 1.2 6.69 
1.8 1.2 8.90 


Yaw: rate-augmented, collective to yaw decoupled. 


i- 
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TABLE 10.- EVALUATED SCAS CONFIGURATIONS 



£8 10 

<0 *13 

i § i 

£8-0 
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I th ° 
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u m in 
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*4 AS P AS 
gp P u a 
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8 g. 8 •“ T 

*f 3:m 
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V Q* P* U U 5 
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P 4J OJ * > K 
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U I O * 

H ^ H 44 > 5 

*H 4Q O *H S 0) 

* ix. a *** 

y a 

*H W OHM 
CO w O VW 


H H CM CO H 
sf in uo in sjd 

h cy o* cy o* o' 


P 

_ * *H 

P JZ to 
*H O D 

CO £ H 
t! p* cd 
P a 
g P *H AS 
B *H 44 O 
P C p 

p <u > S3 

U to 0 ) 
f3 id a» 
P O p 4 h 


H CM <0 H H 
(ninmSs 

PQ PQ P3 pq oq 


*g t0 H 
05 4J O 
44 a K4 

IN 

O > 4 J 

w 2 o, 

« §* 60 
1H es 
*H 

,44 a 44 
0) CJ 

« *j a 

M to *H 

8*.! 

« *f a) 

o 

*H 44 H 
CO C/5 W 


G CO AS 
H P U 
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05 p *t5 
CO U Ol 
P ‘H 0) 

1 2 f 4 *44 
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H M cm 
&44 
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o 44 a 
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p 0) <u 

M H M 


k CO CO 
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P ftH 

M CO P 
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05 H M 
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TABLE 12 f-* SUMMARY OF PILOT RATING 


Experimental 

Pilot rating 

Expori mental 

[ Pilot ratine 

configuration 

Pilot A 

B 

C 

configuration 

Pilot A 

n 


T 

6, 5/7. 5F <7 

7/8P 

6/6F 

T 



] 

I Q41 

6 

7 

7 

Til 

7 

A 

7 

Q51 

6 

8 

7 

T1 2 

6/5 

6 


Q52 

5 

7 


T13 

4// 

6 

fi 

Q53 

6 

7 

2 

T14 

4 

r ) 

r ) 

Q61 

6 

7 

8 

" 5 

4(3. 5) /4 

5 

2 

MSI 

6 

8 

6 

Tift 

err m 

6 

3 

nr>2 

7 

7 

tram «-» 





HS3 

3(4.5) 

7 

2 





B6 1 

3(4.5) 

7 

2 





B71 

4(3.5) 

7 

2 





ss *^, afsas , . ;1 . _ 




■ - s _ 





A 

7 

6/7/7F 

7/4/3P 

A 




B32 

6 

6 

5 

All 

5 

6 

4 

B33 

4 

5 

3 

A13 

4,3/3 

5/5 

3 

B34 

4 

5 


A15 

3/3 

5 

3 

B35 

4 

7/6F 

****••• 





B36 

3 

5 






B37 

3 

4/5/4F 

3 





HI 

4(5) 

6/5 

5 





H13 

7 

7 

6 





Hll 

3 

5/6 

4 





Bll 

3/3 

4 

3 





H2 

6. 5/7/7. 5F 

7/7/8F 

9 

H2 

7 

7 

Q 

B87 

6/6F 

8 

5/4F 

UCC 


/ 

V 

9 





U03 



8 





U05 

7/6F 

8 

8 


^Fixed base. 
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Experimental 

configuration 


Control system improvements 


B32 


B33 

B34 


B35 


B36 

B37 


Baaio aircraft (poo table 1 
for def iclencl or) 


Major comments 


Pitch-roll coupling; pitch, 
and roll rcHponnoH too 
scmnitlve 


Decoupling and rate- command RCAS 



Pitch- roll coupling clTml- 
nated, kq - M p « o' 

Yaw damping Increased 


B32 plus pitch and roll 
responses improved 


B33 plus improved vertical 
response 


B34 plus pitch coupling due 
to collective eliminated 


B35 plus yaw due to col- 
lective eliminated 


B36 without improved 
vertical response 


Pitch-roll coupling hotter”; 
damping In pitch and roll 
too low 


Improved pitch and roll, 
but still needed work 

Good configuration, but 
motion is not responsive 
enough 

Pitch response is very sat- 
isfactory; M 6c => o was 

noticed, but did not help 
much ' 


Quite good; pitch, roll 
dynamics could still be 
improved some 


Collective response was 
slower; decoupling was not 
really noticeable 



Attitude- command SCAS 


6 


ProvideTattitude-command 

system in pitch and roll 
(o) n “ 2.5; moderate 
sensitivity) 

Reduced to 2.0 in 


pitch and roll 
* n ££ eas ed sensitivity in 


Increased sensitivity in 
pitch from A13 


Stiff in roll and pitch; 
lack of response in roll 


Roil better; agility better; 
increased response in pitch 

Want t0 11 S^ten 
stick force gradient 


Very agile; Increased 
response in pitch better 
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Figure 6.— Block diagram of simulation mechanization for the 

augmentation systems* 
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Figure 10 Layout of nap-of-the-earth terrain avoidance obotacle course. 
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Figure 11. Pilot rating comparison for four basic aircraft from 

two experiments. 
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Figure 13.— Results for a series of decoupling and rate-command augmentation 
systems for articulated rotor helicopter. 
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Figure 23.— Pilot A control usage (expressed in terns of ms ssasnplate displacement). 
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